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Various chemicals and proteins of industrial importance are
known to cause respiratory allergy, with occupational asthma
being the most important manifestation of the disease. This
paper describes clinical syndromes, mechanisms associated with
occupational respiratory hypersensitivity, and methods avail-
able currently for the prospective identification of potential re-
spiratory allergens. Certain classes of chemicals are commonly
associated with occupational respiratory allergy. There is insuf-
ficient information, however, to predict respiratory sensitiza-
tion potential from analysis of structure alone, although reactiv-
ity with proteins is likely to be relevant. As yet there exist no
fully validated or widely applied predictive methods or interna-
tionally harmonized guidelines. The most promising predictive
animal methods are the mouse IgE test and guinea pig models.
Work in mice has focused upon events occurring during the
induction phase of sensitization following primary encounter
with the test chemical. In contrast, guinea pig models have been
used primarily to identify respiratory allergens (chemicals or
proteins) as a function of eiicitation reactions induced in previ-
ously sensitized animals. Given the possible serious health man-
ifestations of respiratory allergy, early identification of respira-
tory sensitizers is urgently required. The two methods should, as
a priority, be developed further and the production of a detailed
protocol for these methods be undertaken to facilitate further
validation. Together, this information will allow for two types
of risk assessment associated with respiratory allergy: the risk
that exposure to a material will (1) induce sensitization in an
individual and (2) elicit allergic reactions in a previously sensi-
tized individual. © 1994 Society of Toxicology.

' All authors were members of an ECETOC Task Force on Respiratory
Allergy.

Respiratory sensitization is an immune state (typically,
the presence of specific IgE antibodies) which is likely to
result in symptoms of respiratory disease or distress when a
particular allergen is inhaled. Respiratory allergy is the clin-
ical manifestation of this state, with bronchial asthma and/
or rhinitis (e.g., hay fever) constituting the most important
manifestations.

For centuries exposure to various substances and chemi-
cals in the workplace has resulted in respiratory sensitiza-
tion and allergy. Baker's allergy, for instance, is a well-
known example of occupational respiratory hypersensitiv-
ity, in which sensitized individuals exhibit symptoms of
bronchial asthma or rhinitis following exposure to different
kinds of flour (Musk et ai, 1989). The number of known
allergens is increasing and includes both proteins and low-
molecular-weight chemicals (Cullen et ai, 1990).

The immunologic reactions underlying the symptoms
associated with respiratory allergy in sensitized individuals
are fairly well characterized (Karol, 1989). In most cases the
symptoms can be treated successfully. Much less is known,
however, about the mechanisms which result in respiratory
sensitization. While individuals already sensitized may ex-
hibit symptoms following inhalation of extremely low con-
centrations of a respiratory allergen, little is known about
the doses necessary for inducing sensitization, even with
common allergens like pollens, house dust mite, or animal
dander. Relatively high concentrations of an allergen, possi-
bly in just one or a few exposures, are believed to be impor-
tant in the induction stage (Karol, 1989). Little evidence
supports the common view that repeated exposure to low
doses is a prerequisite for sensitization (Karol and Thome,
1988). The available evidence indicates that a variety of
factors, both genetically determined and environmental,
will influence predisposition for respiratory allergy (Karol
etai, 1993).

One of the most important issues in occupational allergy,
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146 BR1ATICO-VANGOSA ET AL.

therefore, is to determine the critical exposure conditions
which result in sensitization and which will cause respira-
tory symptoms in previously sensitized individuals. Armed
with such information industries involved in the produc-
tion and handling of compounds with allergenic potential
can take measures to prevent exposure of workers to levels
which might otherwise lead to respiratory sensitization and
allergy. This paper reviews what is presently known in the
area of respiratory sensitization and allergy, investigates fu-
ture needs, and has the following specific aims:

• review the syndromes and immunological mecha-
nisms underlying respiratory sensitization and allergy,

• review animal and in vitro models currently available
for predicting the potential of a substance to cause respira-
tory allergy and assess their present state of validation,

• recommend approaches to hazard identification and
risk assessment in respiratory sensitization and allergy.

BACKGROUND

Allergic Respiratory Disease Can Take Several Forms

Hypersensitivity pneumonitis, or extrinsic allergic alveo-
litis, is a well known occupational disease. Many forms are
known under names related to either the occupation or the
responsible substance, i.e., farmers' lung, mushroom
workers' lung, malt workers' lung, bird fanciers' disease,
bagassosis, suberosis, and byssinosis. Most of them are rela-
tively well-studied because of the possible serious long-term
sequelae. Nearly all are due to organic dust, i.e., material of
animal, vegetable, or microbial origin. For most of the
chemical industry, hypersensitivity pneumonitis is rarely a
cause of occupational disease. Allergic bronchopulmonary
aspergillosis is another form of allergic respiratory disease.
It is a condition caused by Aspergillus spores characterized
by pulmonary eosinophilia (Slavin, 1983) and is rarely an
occupational disease. For this reason these subjects are not
discussed further in this paper.

Another form of respiratory disease is associated with
asthma and/or rhinitis. This form of respiratory allergy can
be caused both by high-molecular-weight substances,
usually proteins, and by low-molecular-weight chemicals.

Occupational asthma caused by proteins is associated
primarily with exposure to animal allergens and handling
of protein powders. An example of the latter was asthma
among workers in the detergent industry in the late sixties
and early seventies, caused by exposure to dusty proteolytic
enzyme powders. The occurrence of occupational allergy
was controlled successfully by reducing the level of enzyme
in the working environment with the introduction of non-
dusty enzyme products and by the implementation of ap-
propriate containment and ventilation (Gilson el al, 1976).
Studies by Zetterstrom (1977) and Pepys el al. (1985) con-

firmed that the widespread use of nondusty enzymes in de-
tergents has not caused respiratory allergy in consumers.

The best documented cases of occupational rhinitis are
due to exposure to animal allergens (Rudolph el al, 1980;
Hunskaar and Fosse, 1993). There are few published data
on occupational rhinitis resulting from exposure to low-
molecular-weight chemicals (Chan-Yeungef al, 1973). Pre-
sumably, occupational rhinitis is less well studied because
of the relative lack of severity in the clinical symptoms
compared with asthma and the difficulty in establishing the
etiology.

Occupational asthma resulting from exposure to low-
molecular-weight chemicals is of continued concern to the
chemical industry (McGrath el al, 1983). The best exam-
ples of chemicals which have the potential to sensitize in-
clude some isocyanates, reactive dyes, and organic acid an-
hydrides (Bardana and Andrach, 1983; Butchers al, 1989;
Vandenplas el al, 1993). For some applications of isocya-
nates, the problem has largely been solved by the develop-
ment of "capped" isocyanates and isocyanates with very
low vapor pressures. All published cases of respiratory al-
lergy to low-molecular-weight chemicals are derived from
occupational rather than consumer exposure.

Nevertheless, this form of allergic disease has received
little attention in the past, to the extent that even the inci-
dence and severity of the problem is not well known. Sev-
eral factors may have contributed to this lack of attention:

• Much of the clinical attention was focused on the
much more prevalent pneumoconioses (with and without
tuberculosis), and the above-mentioned extrinsic allergic
alveolitis, because of their serious long-term health conse-
quences.

• Individual cases are easily lost in the large pool of "in-
trinsic" and "atopic" asthma patients; thereby, the diagno-
sis is often delayed, and the relationship between symptoms
and exposure to a specific substance can easily be missed.

• There are only a few epidemiological studies (Diem el
al, 1982; Sequin et al, 1987); in fact, with few exceptions,
most "sensitizing" chemicals are classified as such on the
basis of a limited number of clinical case studies, most of
them without relevant exposure data. Levels and route of
exposure required to induce respiratory sensitization are
largely unknown.

• It is not always easy to correlate clinical and epidemio-
logical data. While signs and symptoms in individuals sen-
sitive to a given material may indicate a strongly allergenic
substance, the percentage of exposed people that develop
allergy may be quite low. To complicate matters further,
not all individuals who appear to be sensitized, on the basis,
for example, of specific IgE antibody, develop allergic dis-
ease and not all individuals with occupational asthma have
detectable specific IgE antibody to the putative agent
(Chan-Yeung and Lam, 1986).
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• Allergy, with its high species and individual specificity,
was until recently regarded more as an aberration of an
individual than as a hazard of a relevant chemical. Even in
relatively recent textbooks on toxicology, allergic asthma is
not even mentioned under the toxic responses of the respira-
tory system, and receives minor attention in the discussion
of immune system dysfunction (Dean et ai, 1989; Dean
and Murray, 1991).

• In contrast to contact hypersensitivity, the other major
form of occupational allergy associated with exposure to
chemicals, no fully validated models are available to iden-
tify hazard of respiratory sensitization and allergy.

With emerging evidence for the ability of some chemicals
to cause respiratory allergy in humans, there is now a need
to develop methods which will permit their prospective
identification. Such candidate methods should be validated
with chemicals of known and different allergenic potential,
and with nonsensitizing materials.

DEFINITION OF RESPIRATORY SENSITIZATION
AND ALLERGY

Respiratory sensitization is an immune status whereas
respiratory allergy is a clinical manifestation. Respiratory
sensitization results from an immune response to antigen
(usually, but not exclusively, exogenous antigen), which
may result in clinical hypersensitivity upon subsequent in-
halation exposure to the same or similar antigen. An aller-
gic response characteristically requires at least two en-
counters with antigen. Following first exposure the suscepti-
ble individual mounts a primary immune response which
results in sensitization (the induction or sensitization
phase). If the sensitized individual subsequently comes into
contact with the same antigen a clinical allergic reaction
may be provoked (the elicitation phase). Allergic reactions
may be attributable to either antibody or cell-mediated im-
mune responses. Acute allergic reactions in the respiratory
tract induced by exposure to exogenous antigens are almost
invariably associated with specific antibody responses, fre-
quently, but not always, of the IgE class.

Asthma can be defined as a lung disease characterized by
airways obstruction (which in most patients is reversible,
either spontaneously or after treatment), airways inflamma-
tion, and increased airway responsiveness to a variety of
stimuli (Sheffer, 1991).

Occupational asthma is defined as a respiratory disease
characterized by variable bronchial obstruction and hyper-
reactivity caused by specific agents inhaled at work (Maes-
trelli et ai, 1992). Rhinitis is a disease that involves inflam-
mation of the nasal mucosal membrane which is character-
ized by periods of nasal discharge, sneezing, and congestion
that persist for an average of 30-60 min/day (Mygind and
Weeke, 1983).

Pseudoallergic reactions clinically indistinguishable from
true allergic reactions and occupational asthma caused or
elicited by nonallergic mechanisms are outside the scope of
this paper.

MECHANISMS UNDERLYING RESPIRATORY
SENSITIZATION AND ALLERGY

Introduction

Acute allergic reactions in the respiratory tract resulting
from exposure to exogenous antigens are usually, but not
exclusively, effected by specific antibody. For ease two ma-
jor classes of pulmonary allergic reactions to external anti-
gens can be distinguished:

Hypersensitivity pneumonitis results from inflammatory
reactions caused by short- or long-term intermittent expo-
sure to certain protein antigens. Examples include farmer's
lung caused by inhalation of Saccharopolyspora recivirgula
(Micropolyspora faeni) antigens and cheese worker's lung
caused by Penicillin mqneforti antigens. The disease is asso-
ciated characteristically with the presence of antigen-precip-
itating IgG antibody. Pathogenesis may, however, also in-
volve the activation of complement and cell-mediated im-
munity.

Allergic asthma and rhinitis are most commonly immedi-
ate-onset reactions (within 1 hr and often within minutes of
exposure) and result from the local release of inflammatory
mediators. Such reactions are frequently, but not always,
effected by IgE antibody. Asthmatic reactions may also be
persistent or have a late onset and it is possible here that
other types of immune processes may play a part (O'Byrne
et ai, 1987; Corrigan and Kay, 1992).

Cellular and Molecular Mechanisms

The most important event during the induction phase of
respiratory sensitivity is the generation of an immune re-
sponse, and in particular production of antibodies which
are able to bind to tissue mast cells. In the past such antibod-
ies have been designated cytotropic. It was recognized that
two types of cytotropic antibody could be distinguished:
homocytotropic and heterocytotropic. As these names
imply, the former were found to bind only to mast cells of
the same, or similar, species, while the latter proved not to
be species-specific. Heterocytotropic antibodies are of the
IgG class, in most species representing a separate subclass
or isotype of IgG. Thus, for instance, in man IgG4 antibod-
ies bind to mast cells, whereas antibodies of subclasses
IgG 1, IgG2, and IgG3 do not. IgE antibodies are the most
important with regard to sensitization because of their high
affinity for mast cell receptors for the Fc region of the IgE
molecule (FceR). If during an immune response antigen-
specific IgE antibodies are produced they will then "prime"
mast cells in various tissues through interaction with FceR

 at C
D

C
 P

ublic H
ealth Library &

 Inform
ation C

enter on June 30, 2011
toxsci.oxfordjournals.org

D
ow

nloaded from
 

http://toxsci.oxfordjournals.org/


148 BRIATICO-VANGOSA ET AL.

(Brostoffand Hall, 1989). At this point the individual is
sensitized and capable of mounting a hypersensitivity reac-
tion following subsequent exposure to the same or similar
substance. If the individual sensitized in this way en-
counters allergen in the skin then inflammation (edema
and erythema) will result from the release by local mast
cells of bioactive mediators (the basis of skin prick tests).
Alternatively, if the allergen is inhaled and encountered in
the respiratory tract, then inflammation will occur at this
site, as described below.

The critical event during the sensitization process is the
development of mast cell binding antibody, and in particu-
lar IgE. In recent years much has been learned about the
cellular and molecular events which initiate and control IgE
responses. A number of suppressor mechanisms have been
described which apparently inhibit IgE antibody produc-
tion. Many of these remain ill-defined and their relevance
to the induction and regulation of IgE responses under phys-
iological conditions is uncertain (Katz, 1980; Ishizaka,
1982; Sorg, 1989).

More recently it has become apparent that cytokines play
an important role in the regulation of antibody responses
and in determining which isotypes of antibody are pro-
duced (Coffman et al, 1988). Of particular relevance to the
induction of allergic disease is the fact that certain cytokines
reciprocally regulate IgE antibody production.

Interleukin 4 (IL-4) and interferon-7 (IFN-7) exert im-
portant influences on regulation of IgE antibody. In mice,
the initiation and maintenance of IgE responses is depen-
dent upon the availability of IL-4 (Finkelman et al., 1988b).
In contrast, IFN-7 inhibits IgE production in the mouse
(Finkelman et al., 1988a). In humans IL-4 and IFN-7 also
have similar reciprocal effects on IgE antibody (Del Prete et
al., 1988; Pene et al., 1988; Romagnani et al., 1989).

Interestingly, there exists a functional heterogeneity
among CD4+ T helper (TH) cells, the class of T lymphocytes
required for B lymphocytes to respond productively to anti-
gen and develop into antibody-producing plasma cells.
Mosmann et al. (1986) described two main populations of
TH cells in mice, designated TH, and TH2, which differ with
respect to the spectrum of cytokines they produce following
activation. Although both populations secrete interleukin 3
(IL-3) and granulocyte/macrophage colony stimulating fac-
tor, only THI cells produce interleukin 2 (IL-2), tumor ne-
crosis factor p (TNF-/3, lymphotoxin), and IFN-7, and only
TH2 cells produce interleukins 4, 5, 6, and 10 (IL-4, IL-5,
IL-6, and IL-10) (Mosmann and Coffman, 1989). There is
no doubt, therefore, that the differential activation of func-
tional subpopulations of TH cells and the consequential se-
lective production of regulatory cytokines will have a signifi-
cant impact on IgE responses and allergic sensitization. The
development of respiratory sensitization will be favored by
TH2 cell activation.

Heterogeneity among TH cells is not restricted to the
mouse. Recently, a similar functional dichotomy of human
TH cells has been confirmed (Romagnani, 1991), and there
is emerging evidence that immediate-onset allergic reac-
tions in man are associated with the selective activation of
TH2-type cells (Parronchi et al, 1991).

Therefore, the nature of T cell activation and the relative
availability of specific cytokines, particularly IL-4 and IFN-
7, in the immunological microenvironment will likely be of
critical importance in determining the initiation of IgE re-
sponses. Conditions which favor the activation of TH2 cells
and IL-4 production will facilitate IgE antibody responses
and the development of respiratory sensitization. Variables
which might affect the balance between TH subpopulation
responses include the nature of the antigen, the route and
duration of exposure, and genetic predisposition.

IgE antibody induced by exposure to respiratory aller-
gens will prime mast cells which are found throughout vas-
cularized tissue. When the same antigen is encountered for
a second time, then antibody primed mast cells may be
induced to degranulate. The antigen associates with mast
cell-bound IgE, cross-links the antibody, and causes mem-
brane perturbation and the release of various inflammatory
mediators. These are many and varied and include (1) va-
soactive amines (such as histamine) which induce increased
vasopermeability and exudation of plasma and edema, and
(2) cyclo- and lipoxygenase products of arachidonic acid
metabolism, some of which induce the contraction of
smooth muscle. When these events occur in the respiratory
tract of sensitized individuals, clinical signs ranging from
wheezing and rhinitis to frank asthmatic reactions are man-
ifest.

There is growing interest in the possibility that cell-me-
diated immune processes may play a role in the pathogene-
sis of asthma (Corrigan and Kay, 1992). Chronic inflamma-
tion plays an important role in asthma and is associated
with the accumulation of leukocytes in the bronchial mu-
cosa, the production of mucus, the destruction and slough-
ing of airway cells, and subepithelial fibrosis secondary to
collagen deposition. Central to the development of bron-
chial inflammation and injury are T lymphocytes acting in
concert with eosinophils. Cell-mediated immune reactions
may be important in the development of late-phase respira-
tory reactions to allergens and in the longer-term develop-
ment of asthma.

Role of Airway Hyperresponsiveness

Asthma is characterized by airway hyperresponsiveness,
a condition manifested by an exaggerated bronchoconstric-
tor response to many physical changes and chemical and
pharmacological stimuli (Boushey et al, 1980). Asthma pa-
tients develop clinical symptoms after exposure to aller-
gens, environmental irritants, viral infections, cold air, or
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exercise. Airway hyperresponsiveness also appears to be
important in the pathogenesis of asthma, and is ubiquitous
in the disease (Bleecker, 1985). Several mechanisms have
been proposed to explain airway hyperresponsiveness in
asthma, including airway inflammation, abnormalities in
bronchial epithelial integrity, alteration in autonomic
neural control of airways, changes in intrinsic bronchial
smooth muscle function, and baseline airflow obstruction
(Sheffer, 1991).

HAZARD IDENTIFICATION

Introduction

The prospective identification of chemicals and proteins
which have the potential to induce respiratory sensitization
is still in its infancy. There is, as yet, no widely applied or
fully validated method available.

Although certain classes of chemicals such as acid anhy-
drides and diisocyanates are commonly associated with oc-
cupational respiratory allergy, there is presently insufficient
information available to predict respiratory sensitization
potential from analysis of structure alone. Some physico-
chemical characteristics and biological properties appear
important correlates of respiratory sensitization. Reactivity
with proteins and lipid solubility are likely to be relevant
and it is probable that most, if not all, chemical respiratory
allergens also have the potential to cause contact sensitiza-
tion in experimental animal models. Thus, for example,
two anhydrides, which are well known human respiratory
sensitizers (trimellitic and phthalic anhydrides), have been
found to be positive in both the guinea pig maximization
test and the local lymph node assay (Basketter and Scholes,
1992). Various other chemical respiratory allergens have
been positive in one or more assays for contact sensitizers
(Kimber et al, 1994). It is clear, however, that very few skin
allergens have been found to induce respiratory sensitiza-
tion. Effective use of structure-activity relationships for the
prospective identification of respiratory sensitizers will not
become a reality until more is known of this disease and the
activity of different chemical classes established.

Two main approaches to hazard identification exist: the
use of animal models and in vitro methods. In the case of
animal models both mice and guinea pigs have been used.
Work in mice has focused upon events occurring during the
induction phase of sensitization following primary en-
counter with the test chemical. In contrast, guinea pig
methods seek mainly to identify respiratory allergens as a
function of elicitation reactions induced in previously sen-
sitized animals.

Animal Models
Mouse Model

There has been only a single systematic attempt to de-
velop a method for the prospective identification of chemi-
cal respiratory allergens in mice. In this method events oc-

curring during the induction phase, rather than during the
elicitation phase, of respiratory sensitization are measured.

This method has as its theoretical basis the fact that chem-
ical allergens of different classes induce qualitatively differ-
ent immune responses in mice. Dearman and Kimber
(1991) and Dearman et al. (1991, 1992a) performed experi-
ments with trimellitic anhydride (TMA) and 2,4-dinitro-
chlorobenzene (DNCB). TMA is a well known human respi-
ratory allergen and a comparatively weak contact allergen.
In contrast, although it is a strong contact sensitizer, DNCB
apparently lacks the potential for respiratory sensitization.
Although both chemicals are immunogenic in mice, they
induce qualitatively different immune responses character-
istic of differential activation of functional subpopulations
of T helper cells (TH1 and TH2 cells). TMA induces re-
sponses characteristic of TH2 cell activation, including both
an increase in the serum concentration of IgE and the ap-
pearance of hapten-specific IgE antibodies. DNCB was
found to stimulate selectively TH1-type responses and failed
to cause either an increase in serum IgE concentration or
the production of IgE anti-hapten antibody (Dearman and
Kimber, 1991). Subsequent studies have revealed that ex-
posure of mice to other known human respiratory allergens
such as diphenylmethane diisocyanate (MDI) and phthalic
anhydride (PA) also results in TH2-type responses and IgE
production (Dearman and Kimber, 1992; Dearman et al,
1992b). Conversely, other chemicals which, while contact
allergens, are known or suspected not to possess respiratory
sensitizing potential (4-ethoxymethylene-2-phenyloxazol-
5-one, oxazolone; dicyclohexylmethane-4,4-diisocyanate,
HMDI, and isophorone diisocyanate, IPDI) induced re-
sponses characteristic of selective TH1 cell activation (Dear-
man and Kimber, 1992; Dearman et al, 1992b).

Among several qualitative immune variables recorded, a
consistent finding was that only those chemicals which
have the potential to cause respiratory allergy in man pro-
voke a significant increase in the serum concentration of
IgE in mice, a consequence presumably of the production
by activated TH2 cells of IL-4, an inducer of IgE production.
Conversely, contact allergens which are considered to lack
the potential to induce respiratory allergy in humans fail to
cause a similar increase in mouse serum IgE concentration.

On the basis of these data, a novel predictive test method,
the Mouse IgE Test, has been described wherein respiratory
sensitizing potential is measured as a function of increases
in the serum concentration of IgE following topical expo-
sure of BALB/c strain mice to immunogenic concentra-
tions of the test chemical (Dearman et al, 1992b). At pres-
ent this test is being validated further with a wider range of
chemicals.

Guinea Pig Models for Elicitation of Respiratory
Hypersensitivity
Guinea pig models for measuring both immediate- and

delayed-onset respiratory hypersensitivity reactions have
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been described. Guinea pigs can be sensitized in such a way
as to display respiratory reactions similar to those seen in
human allergic disease. The guinea pig model of respiratory
hypersensitivity has been claimed to bear a close mechanis-
tic similarity to human asthma (Drazen, 1977). In the case
of irritant chemicals (e.g., certain isocyanates), guinea pigs
have been reported to respond in a similar way as observed
in man regarding respiratory tract irritation, antibody pro-
duction, and pulmonary sensitization (Karol, 1988). There-
fore, the results of studies using this species can be consid-
ered a suitable basis for hazard assessment in humans. Of
course, in order to assess the specific risk, additional param-
eters such as the actual exposure concentration and the like-
lihood of exposure to high concentrations must also be
taken into account. However, there may be some concern
regarding the difference between humans and guinea pigs
with respect to the classes of antibodies responsible for respi-
ratory hypersensitivity, insofar as IgG antibodies are of
greater importance than IgE antibodies in immediate aller-
gic reactions in the guinea pig. A positive correlation be-
tween induction dose and IgG levels has been demonstrated
frequently in guinea pigs, but a clear association between
elevated IgG titers and immediate-onset reactions has not
always been found (Karol, 1988; Sarlo and Clark, 1992;
Ritz etai, 1993).

For many years, efforts have been directed toward devel-
opment of an animal model for inhalation sensitization
where exposure to foreign materials occurs via the respira-
tory tract. The first animal model for respiratory hypersensi-
tivity using inhalation exposure for sensitization and elici-
tation was developed using natural products, such as
dander, molds, and spores (Ratner et ai, 1927; Ratner,
1939). Using inhalation exposure, sensitization with natu-
ral products has been achieved also in several other animal
species (Karol, 1981). In the guinea pig characteristic respi-
ratory reactions attributable to respiratory hypersensitivity
have been described, i.e., the immediate-onset and delayed-
onset respiratory response, as well as the hyperreactive air-
way response due to respiratory tract irritation (Karol and
Thorne, 1988). The pharmacological aspects of the immedi-
ate-type hypersensitivity in commonly used laboratory ani-
mals have been reviewed (Ahlstedt et ai, 1983; Fiigner,
1985; Wanner and Abraham, 1982). The guinea pig models
represent useful tools to study some pathophysiological
aspects of respiratory hypersensitivity, as long as the limita-
tions of the model are recognized.

Different guinea pig models were used to evaluate the
relationship between exposure and elicitation of immedi-
ate- and delayed-onset responses of respiratory hypersensi-
tivity to inhaled industrial chemicals (haptens), protein-
conjugates of haptens, or naturally occurring proteins. Phar-
macological stimuli (e.g., aerosolized histamine) have also
been used to substantiate the findings observed during the
hapten challenge.

As summarized in Table 1, sensitization to low-molecu-
lar-weight chemicals has been achieved via single or re-
peated inhalation exposures using the free chemical or the
protein conjugate of the hapten. Sensitization by inhalation
was a concentration-dependent rather than a dose (concen-
tration X time)-dependent phenomenon (Karol, 1983;
Pauluhn and Eben, 1991). Experimental evidence suggests
that bronchial hyperreactivity may also be related to airway
mucosal injury and concomitant-inflammatory reactions as
a result of exposures to irritant concentrations of chemicals
used for sensitization (Cibulas et ai, 1986).

The data summarized in Tables 1 and 2 have been se-
lected to display the range of protocols which have been
used to investigate allergic hypersensitivity. It must be em-
phasized that such lists are not comprehensive and do not
necessarily include unsuccessful attempts to induce or elicit
respiratory reactions.

As summarized in. Table 2, sensitization to low-molecu-
lar-weight chemicals has been achieved via single or re-
peated intradermal or subcutaneous injections using the
free chemical. Attempts have been made to standardize this
animal model by using subcutaneous or intradermal routes
of induction as the primary encounter with the test chemi-
cal (Botham et ai, 1989; Pauluhn and Eben, 1991; Sarlo
and Clark, 1992). Induction by the dermal route minimizes
the risk of nonspecific bronchial hyperreactivity induced
during the sensitization phase, which complicates the inter-
pretation of elicitation-induced alterations.

The common features of the guinea pig models described
in Tables 1 and 2 are the measurement of elicitation reac-
tions during or following inhalation challenge in an at-
tempt, in most instances, to simulate conditions of human
inhalation exposure and the ensuing respiratory hypersensi-
tivity response. Through the use of these models, the im-
portance of the exposure concentration in the elicitation of
respiratory hypersensitivity has become apparent.

A cardinal feature of the asthmatic state is the presence of
airway hyperreactivity recognized as responses to lower
than normal amounts of inhaled histamine (Cibulas et ai,
1986; Griffiths-Johnson and Karol, 1991). However, respi-
ratory effects caused by nonspecific irritation and respira-
tory effects resulting from challenge exposures to free chem-
ical are physiologically indistinguishable. In the majority of
experiments summarized in Tables 1 and 2, the onset of
respiratory hypersensitivity response was "immediate"
with reactions occurring either during or shortly after the
challenge period. Although animals were monitored contin-
uously up to 24 hr after challenge, only in very rare in-
stances were delayed-onset or dual responses reported.

Parameters Monitored for the Detection of Respiratory
Hypersensitivity

Breathing parameters. Breathing parameters that are
useful in the quantitative evaluation of respiratory hyper-
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TABLE 1
Protocols Employed for Sensitization and Elicitation of Respiratory Hypersensitivity of Industrial Chemicals or Protein

Conjugates of Industrial Chemicals in Guinea Pigs—Sensitization by Inhalation

Substance/exposure Elicitation/challenge Reference

2-Isocyanatoethyl methylacrylate-conjugate
Exposure: 10 min/day, 5x/week, 23 days, except Day 15-19

2-lsocyanatoethyl methacrylate-conjugate
Exposure: 10 min/day 5x/week, 23 days, except Day 15-19

p-Tolylisocyanate (TMI)-, hexylisocyanate (HMI)-conjugates
Exposure: 10 min/day, 5X/week, up to 15 days

Hexylisocyanate (HMI)-conjugate
Exposure: 10 min/day, 5x/week, up to 18 days

Hexamethylenediisocyanate-trimer (HDI-trimer)
Exposure: 3 hr/day, 5x/week, 5 days

Toluene diisocyanate (TDI)
Exposure: 3 hr/day, 5x/week, 5 days or up to 70 days

Toluene diisocyanate (TDI)

Exposure: 3 hr/day, 5X/week, 5 days

Toluene diisocyanate (TDI)
Exposure: 4 hr/day, 5 consecutive days

Toluene diisocyanate (TDI)
Exposure: 3 hr/day, 5 consecutive days

Toluene diisocyanate (TDI)
Exposure: 3 hr/day, 5 consecutive days

Trimellitic anhydride (TMA), dichlorotriazine reactive dye
Exposure: 3 hr/day, 5 days

Diphenylmethane 4,4'diisocyanate (MDI)
Exposure: 3 hr/day, up to 3 or 5 consecutive exposures

p-Tolyl isocyanate (TMI)
Exposure: 5 consecutive days: (I) Alum-aerosol (30 min),

followed by different TMI exposures; (II) Same as (I) but
without alum preexposure

Phthalic anhydride (PA)
Exposure: 3 hr/day, 5 consecutive days

Azodicarbonamide
Exposure: 6 hr/day, 5 days/week for 4 weeks

Conjugate; immediate-onset responses after approx. Mullin et al. (1983)
2 weeks

Hapten: delayed-onset responses (Day 12 and 23); Mullin et al. (1983)
conjugate: immediate-onset responses (Day
12-23)

Conjugate: immediate-onset responses on Day 9 or DeCeaurriz et al. (1987)
15, respectively

Conjugate: immediate-onset responses on Day 10 Karol et al. (1979)
and thereafter

Hapten (Week 3), conjugate (Week 4): neither
immediate- nor delayed-onset responses

Conjugate: immediate-onset responses

Conjugate: immediate-onset response with the
"Karol-conjugate" but no response with the
"Botham-conjugate"

Increased doses of aerosolized histamine: positive
immediate-onset response

Hapten (for 30 min, Days 15-22): no immediate-
onset response

Conjugate (Week 4): immediate-onset response

Conjugate: no immediate-onset response

Hapten (Day 17, 24): delayed-onset responses,
conjugate (Day 30): immediate- and delayed-
onset responses

Pauluhn and Eben (1991)

Karol (1983)

Bothamefa/. (1988)

Cibulase/a/. (1986)

Karol (1980)

Sarlo and Clark (1992)

Botham et al. (1988)

Karol and Thorne (1988)

Hapten: no immediate-onset response: conjugate: Karol (1980)
positive response. Responses in alum pretreated
and non-pretreated animals did not differ

Conjugate (Week 4): immediate-onset response Sarlo and Clark (1992)

Hapten and histamine challenge (Week 4): neither Gerlach el al. (1989)
challenge resulted in specific reactions

sensitivity responses in animal models are breathing fre-
quency, flow-volume loops, respiratory minute volume, in-
spiratory and expiratory times, peak expiratory flow rates,
tidal volume, or plethysmographic pressure (Thorne and
Karol, 1988; Pauluhn and Eben, 1991; Pauluhn and Mohr,
1994). The analysis of inspiratory and expiratory times as
well as the presence of characteristic breathing patterns ap-
pears to be useful to distinguish between effects caused by
irritation and hypersensitivity. However, these breathing
parameters are all indirect indicators of bronchoconstric-

tion and, in some cases, may occur in the absence of bron-
choconstriction. This tradeoff is necessary in order to uti-
lize unanesthetized animals. Two-chambered plethysmo-
graphic systems used for measuring common respiration
parameters as well as specific airway conductance in non-
cannulated guinea pigs have also been used (Gerlach et al.,
1989).

The nature of changes in breathing frequency necessi-
tates careful interpretation. It is widely recognized that
chemicals may cause a decrease in breathing frequency by
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TABLE 2
Protocols Employed for Sensitization and Elicitation of Respiratory Hypersensitivity and Industrial Chemicals or Protein

Conjugates of Industrial Chemicals in Guinea Pig—Sensitization by Intradermal/Subcutaneous Injection

Substance/exposure Elicitation/challenge Reference

Trimellitic anhydride (TMA), intradermal induction: 6x
during 5 days

Trimellitic anhydride (TMA), single intradermal
induction

Hexamethylene diisocyanate-trimer (HDl-timer),
intradermal induction: 6x during 5 days

Toluene diisocyanate (TDI), subcutaneous induction:
2x/week for 4 consecutive weeks; Week 6: booster
injection

Phthalic anhydride (PA) subcutaneous induction: 2X/
week for 4 consecutive weeks; Week 6: booster injection

Hapten (Week 3): immediate-onset response, conjugate
challenge (Week 4): immediate-onset response

Hapten and conjugate: immediate-onset response after
both challenges

Hapten (Week 3), conjugate (Week 4): neither
immediate-nor delayed-onset responses

Conjugate (Week 8, intratracheally): immediate-onset
responses

Conjugate (Week 8, intratracheally): immediate-onset
responses

Pauluhn and Eben (1991)

Botham eial. (1989)

Pauluhn and Eben (1991)

Sarlo and Clark (1992)

Sarlo and Clark (1992)

sensory irritation (e.g., TDI, TMI) or an increase in breath-
ing frequency as a consequence of pulmonary irritation and
stimulation of nerve receptors (e.g., MDI) (Karol, 1991). In
guinea pigs, high concentrations of respiratory tract irri-
tants can cause bronchoconstriction. To detect a character-
istic immediate-onset response attributable to respiratory
allergic hypersensitivity, the irritation response must be
avoided by using subirritant concentrations of the free
chemical, and by careful comparison of sensitized animals
with control animals. In contrast, several studies have re-
ported that challenge exposures using haptens require
slightly irritant concentrations in order to elicit pulmonary
responses (Tao et ai, 1991; Obta et ai, 1992; Pauluhn and
Mohr, 1994). The confounding effect of respiratory irrita-
tion may be overcome when several breathing parameters
are evaluated and when other parameters, such as acetyl-
choline provocation and eosinophil influx, are also mea-
sured. Eosinophil infiltration is a prominent feature of
asthma and differentiates asthma from other inflammatory
conditions of the airways (Dunn et ai, 1988; Gulbenkian et
ai, 1990). Finally, experimental evidence suggests that the
presence or absence of a characteristic immediate-onset
breathing pattern not spontaneously occurring in control
animals is of greater diagnostic validity than the evaluation
of changes in respiratory rate alone (Pauluhn and Eben,
1991).

Antibodies. The induction of respiratory hypersensitiv-
ity is dependent on the induction of specific homocytotro-
pic antibodies. Measurement of antibody, rather than pul-
monary responses, has two potential advantages. First,
from a practical point of view, serological measurements
may provide evidence of respiratory sensitization potential
without the need for inhalation challenge. Second, anti-
body responses may be more sensitive than respiratory reac-
tions. That is, chemicals and proteins may induce the pro-

duction of relevant antibodies at exposure concentrations
below those which are required for measurable respiratory
reactions following inhalation challenge.

Advantages and Disadvantages of the Mouse IgE Test
and Guinea Pig Methods for Identification of
Respiratory Allergens

Mouse IgE test.
are that:

The advantages of the mouse IgE test

• it uses fewer animals and does not depend upon the
development of an adverse reaction;

• it is relatively rapid, cost-effective, and comparatively
easy to perform;

• it is quantitative and relevant in that it is based upon
measurement of IgE, the class of antibody known to effect
immediate hypersensitivity reactions in humans;

• dose-response relationships at the induction phase can
be measured. The relative antibody producing potential of
chemicals can be determined and no-observable-effect lev-
els (NOEL) for IgE antibodies established.

Disadvantages of the mouse IgE test are that:

• it is not at present suitable for measuring the respira-
tory sensitization potential of proteins;

• it cannot be used for evaluation of cross-reactivity be-
tween chemical respiratory allergens;

• it has not yet been formally validated.

Guinea pig methods. The advantages of the guinea pig
methods described above are that:

• respiratory hypersensitivity is measured as a function
of elicitation reactions during or following inhalation chal-
lenge exposure, the relevant route for the elicitation of pul-
monary reactions in people;
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• elicitation reactions can be measured using a variety of
breathing parameters;

• induction can be performed using a variety of exposure
routes;

• dose/concentration response studies can be performed
at both the induction and elicitation stages and no-observ-
able-effect-levels determined;

• cross-reactivity between respiratory allergens can be
investigated;

• the respiratory sensitization potential of proteins can
be measured.

The disadvantages of guinea pig methods are that:

• they are time consuming and costly;
• they depend upon a number of test specific factors,

such as specific antibody measurements and the generation
of the challenge atmosphere;

• they require specialized personnel and inhalation labo-
ratory facilities;

• effective elicitation of sensitization to chemicals by in-
halation exposure may require the use of a hapten-protein
conjugate;

• standardization of hapten-protein conjugates is diffi-
cult to achieve (A dependence of immediate-onset respira-
tory hypersensitivity response on the quality of the protein
conjugate has been reported (Botham el ai, 1988). In addi-
tion, selection of the most appropriate subirritating inhala-
tion challenge concentrations of free chemical is difficult
and measurements of respiratory hypersensitivity may be
confounded by respiratory irritancy.);

• previous encounters by inhalation exposure to the hap-
ten may lower the threshold for nonspecific (irritation-in-
duced) effects;

• there is no well-defined IgE antibody in guinea pigs,
and standardized reagents for detailed analysis of serologi-
cal responses are only now becoming available;

• they have not been formally validated.

In Vitro Methods

There are no standard validated in vitro methods for de-
termining the potential of a chemical to cause respiratory
sensitization. However, the potential of a low-molecular-
weight chemical to interact with protein can be considered
a prerequisite for allergenicity, since low-molecular-weight
compounds are incomplete antigens (haptens) which re-
quire association with protein carriers to become immuno-
genic. Thus, attempts have been made to predict the immu-
nogenicity of a chemical from its protein or peptide binding
properties. A number of published studies evaluated the
interaction between protein and chemicals known to cause
occupational asthma, such as trimellitic anhydride, chlora-
mine-T, /3-lactam antibiotics, and isocyanates (Patterson el
ai, 1978; Evans el ai, 1986; Edwards el ai, 1988; Jin and

Karol, 1988). Using high-pressure liquid chromatography,
Wass and Belin (1990) demonstrated that isocyanates, an-
hydrides, and chloramine-T reacted with a lysine-contain-
ing peptide, whereas simple acids, bases, and solvents did
not. The ability of a low-molecular-weight chemical to bind
to protein or peptides may therefore be useful as a prescreen
for detecting potential respiratory sensitisers, especially for
new chemicals or complex mixtures with unknown proper-
ties (Sarlo and Clark, 1992).

However, binding studies in vitro are not models for the
induction of an immunologic response, a complex physio-
logic event involving the interaction of many cell types and
cytokines. No in vitro model of respiratory sensitization
exists which results in the production of antigen-specific
homocytotropic antibodies capable of binding to tissue
mast cells. An in vitro model would also need to address the
problems of solubility, metabolism, and direct toxicity of
potential respiratory sensitizers.

There are also no in vitro correlates to the immediate-on-
set reaction (elicitation phase of the immune response) typi-
cal of many respiratory sensitizers, since these assays would
require a population of cells obtained from animals follow-
ing prior exposure(s) to a potential sensitizing chemical.
The problems associated with the site and availability of
such cells, the timing of collection, and the solubility, com-
position, and inherent toxicity of the antigen have made
these studies difficult to design and perform. Finally, the
endpoints measurable in vitro which would correlate with
endpoints observed during both immediate- and delayed-
onset respiratory allergic reactions in vivo are not com-
pletely known, given the current state of knowledge of the
causative factors in each of these reactions.

In conclusion, the use of in vitro assays to model the
induction and elicitation phases of the immune responses
in respiratory allergy rests in the future. As the mechanisms
involved in respiratory sensitization became clearer, in vitro
assays useful for predicting potential chemical sensitizers
will no doubt be utilized.

Structure Activity Relationships (SAR)

The ability to predict the in vivo activity of a chemical
based upon analysis of its structure has recently been exam-
ined in the area of respiratory sensitization. Agius et ai
(1991) generated a structure-activity hypothesis from in-
vestigations comparing the structure and reactivity of sub-
stances known to cause occupational asthma with that of
other related chemicals which were known not to cause
occupational asthma. The ability of molecules to form mul-
tiple covalent, coordination, and hydrogen bonds was iden-
tified as an important predictor of occupational asthma.
This hypotheses now needs to be tested and revised. A bet-
ter understanding is also needed in the area of chemical-
protein interactions, since the immunological response in-
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volved in respiratory sensitization may well be directed
against chemical-induced conformational changes in car-
rier proteins such as albumin. Kochman et al. (1990), using
Fourier transform infrared spectroscopy of guinea pig
serum albumin following repeated inhalation of the known
respiratory sensitizer TDI, demonstrated major alterations
in the TDI alpha-helix content of albumin compared to
control protein. These new conformational determinants
may play an important role in the development of respira-
tory sensitization.

Recommendations for Identification of Respiratory
Sensitization Hazard of Chemicals

It must be emphasized that there are as yet no fully vali-
dated or widely accepted methods for the prospective evalu-
ation of respiratory sensitizing activity. However, based
upon the evidence available we suggest the following pro-
cess for hazard identification of chemical respiratory sensi-
tization which is summarized in Fig. 1. It should be noted
also that this process is unsuitable for assessment of pro-
teins.

Preliminary Considerations

Necessarily the first step in any hazard identification pro-
cess should include an examination of the physicochemical
properties of the test material, particularly in the context of
structure-activity relationships (Sarlo and Clark, 1992).
With regard to identification of respiratory sensitization
hazard, important considerations include the volatility of
the chemical and the likelihood that aerosols or vapors will
be present during manufacture or use. Certain classes of
chemical (anhydrides, reactive dyes, and isocyanates, for
instance) may signal particular concern.

I Chemical XI

Preliminary Considerations
• potential use / exposure
• physicochemical properties
• structure / activity relationships

jcontact Sensitization Testing*]

Positive
I

1
Negative

j Mouse IgE Test | or | Guinea pig test |
No further testing
normally required

FIG. 1. Testing strategy for chemicals (not for proteins). 'Respiratory
sensitization testing may be necessary if it has been possible to assess con-
tact sensitization potential only at low concentrations or if there is reason
to suspect that physicochemical properties preclude skin penetration.

Skin Sensitization

In the case of chemicals it appears that only those mate-
rials which exhibit at least some potential to cause contact
sensitization in experimental animals are able to induce
respiratory allergy. We recommend therefore that an im-
portant step in the hazard identification process is the per-
formance of a well-conducted standard predictive testing
for skin sensitization activity (guinea pig maximization test,
local lymph node assay, etc). Chemicals which lack the po-
tential to cause contact sensitization can be classified also as
lacking the ability to induce respiratory allergy and it is our
recommendation that no further testing will usually be nec-
essary. If, however, it has been possible to assess skin sensi-
tization potential only at low concentrations, then respira-
tory sensitization testing may still be necessary. Addition-
ally, if there is reason to suspect that physicochemical
properties preclude skin penetration, then respiratory sensi-
tization testing may also be necessary.

Respiratory Sensitization

If identification of the respiratory sensitization hazard of
chemicals is then required there exist two options, neither
of which is fully validated.

Mouse test. This test should be performed to the meth-
ods described in the relevant publications. It is our recom-
mendation that each chemical is tested at at least three con-
centrations which can be selected on the basis of skin sensi-
tization test data.

Guinea pig tests. It is our recommendation that proto-
cols requiring inhalation sensitization or challenge with
hapten-protein conjugates be avoided. The approach we
favor is the use of intradermal or subcutaneous administra-
tion for sensitization. Challenge should be via the respira-
tory tract (inhalation exposure to aerosols is appropriate,
and intratracheal administration has also been used suc-
cessfully; in contrast, in most instances, elicitation of reac-
tions by inhalation challenge of sensitized animals to irri-
tant vapors has been unsuccessful and this approach may
therefore be inappropriate.). Challenge-induced reactions
should be measured as a function of changes in respiratory
volume and rate and breathing pattern. We recommend
also that test and control animals be examined for the pres-
ence of anti-hapten antibody. There is still no consensus
regarding many detailed aspects of procedure and protocol
and it is not possible presently to give clear recommenda-
tions with respect to a number of issues (e.g., length of time
between sensitization and challenge, nature of conjugates,
and which parameters to measure).

RISK ASSESSMENT IN RESPIRATORY ALLERGY

In all forms of chemical and protein induced allergic hy-
persensitivity there are two types of risk assessment.
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• The risk that exposure to a material will induce sensiti-
zation in an individual.

• The risk that exposure to a material will elicit allergic
reactions in a previously sensitized individual.

In most, if not all, instances the dose of chemical required
for initial sensitization will be different from and higher
than that necessary to elicit respiratory hypersensitivity re-
actions in a previously sensitized individual.

One part of the risk assessment process relies upon evalua-
tion of the potency of the material. In theory, the relative
potential of a chemical to cause respiratory sensitization
can be evaluated by the methods described previously. In
the mouse IgE test the preferred approach would be to iden-
tify the minimum concentration of chemical necessary to
cause a significant increase in the serum concentration of
IgE. In the case of guinea pig tests the determination of the
relative potential would require estimation of the amount
of material capable of inducing a given level of sensitization
as judged by either the stimulation of antibody production
or the subsequent elicitation of respiratory reactions follow-
ing inhalation exposure or intratracheal administration. Al-
ternatively, an estimation of the NOEL for induction and
elicitation could be made.

In practice such measurements would be of value only in
terms of relative potency, that is, relative to the activity of a
known chemical of a similar class for which occupational
health data were available. For example, it might prove pos-
sible to evaluate whether a new chemical is more or less
likely than an index chemical of related structure to cause
occupational respiratory sensitization under similar condi-
tions of exposure. If there exists an occupational exposure
level for the index chemical, then such comparisons should
provide one approach to determining safe working condi-
tions for the new material.

Evaluation of the ability of a chemical to cause respira-
tory allergic reactions in a previously sensitized animal
could be approached only by the use of guinea pig models
which employ inhalation challenge. For human beings al-
ready sensitized to a given material, there is no consensus
on the possibility of identifying a dose/concentration below
which adverse effects are unlikely to occur.

The other aspect of risk assessment requires consider-
ation of factors other than inherent potency. For respira-
tory sensitization and the elicitation of respiratory reactions
in previously sensitized individuals this includes:

• extent, frequency, duration, and route of exposure
(peak exposures may be particularly important);

• concomitant exposure (especially with potential adju-
vants or irritants);

• genetic or acquired differences in susceptibility to sen-
sitization via the skin (for chemicals) or the respiratory tract
(for chemicals and proteins).

CONCLUSIONS

A number of chemicals and proteins of industrial impor-
tance are known to cause respiratory allergy. There are still
several gaps in our understanding of the sequence of events
through which chemical agents evoke an immune response
leading to specific allergic clinical manifestations. Some
kinds of exogenous chemical exposure appear more likely
to evoke immune reaction than others. Likewise, some
chemicals affecting the human immune system appear to
manifest themselves preferentially in one immune response
rather than another. For proteins, which are complete anti-
gens, the main concern is in establishing the relative aller-
genic potential. For low-molecular-weight chemicals acting
as a hapten, we need to know which chemical properties are
important for its binding to the autologous carrier protein,
and which chemical properties are responsible for the hap-
ten-carrier complex behaving immunogenically.

The skin and the respiratory tract are the most important
organs exposed to the environment and which can be af-
fected by immune responses to chemical agents. Evidence
is emerging that the skin also may be an important route for
sensitization for respiratory allergy to chemicals (Nemery
and Lenaerts, 1993). The relevant route of exposure for
sensitization to protein respiratory allergens is almost in-
variably by inhalation.

It is also important that the large body of data pertaining
to human disease is not ignored, even if it generally lacks an
assessment of exposure and estimation of risk. Attempts
have been made to derive structure activity relationships
for a wide range of chemical agents which may cause aller-
gic asthma (Agius et ai, 1991). Given the possible serious
health manifestations of respiratory allergy, early identifi-
cation of possible sensitizers is urgently required. In recent
years significant advances have been made in our under-
standing of the mechanisms underlying respiratory allergy,
although less progress has been made in understanding the
factors predisposing to it. However, the overall increase in
understanding has resulted in the development of new but
as yet not fully validated predictive methods for the identifi-
cation of chemicals and proteins that have the potential to
cause respiratory sensitization. A multidisciplinary ap-
proach is essential to understand the ways in which chemi-
cals interact with the immune system to produce allergies
and similar manifestations (ECETOC, 1987). In addition to
the use of animal models, more emphasis needs to be
placed upon clinical and epidemiological studies, especially
of workers, with emphasis on better qualitative and quanti-
tative measures of exposure to specific chemicals in the rele-
vant environment (Agius, 1992).

RECOMMENDATIONS

• For chemicals, the two methods which are the most
promising with respect to predictive testing and which
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should, as a priority, be developed further, are the mouse
IgE test and the guinea pig model with induction by intra-
and/or subcutaneous injection followed by inhalation chal-
lenge with the free chemical. We recommend that for the
identification of proteins with respiratory allergenic poten-
tial, a guinea pig model should be used.

• Further validation of the methods will be facilitated by
the production of a detailed protocol. Occupational hy-
giene aspects and epidemiology will need to be included in
the validation process.

• The further development of tiered approaches for haz-
ard identification should be encouraged, which should in-
clude the development of SAR's.

• Since in theory both skin and respiratory sensitizing
chemicals can induce sensitization through skin contact,
one method of reducing sensitization from respiratory sen-
sitizers is to control skin contact, which should be taken
into account in setting occupational hygiene standards for
these chemicals.
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